Using a simple theoretical model, we calculate three-dimensional profiles of photoresist exposed by arbitrarily shaped localized fields of high-transmission metal nano-apertures. We apply the finite difference time domain (FDTD) method to obtain the localized field distributions, which are generated by excitation of localized surface plasmon polaritons underneath a C-shaped or a bow-tie-shaped aperture. Incorporating the results of FDTD simulations with the theoretical model, we visualize three-dimensional exposure profiles of the photoresist as a function of the exposure dose and the gap distance between the aperture and the photoresist. It is found that the three-dimensional exposure profiles provide useful information for choosing process parameters for nanopatterning by plasmonic lithography using the aperture.
Introduction
Plasmonic lithography is a promising technology developed to overcome the diffraction limit of optical lithography. In plasmonic lithography, the evanescent fields induced by the localized surface plasmon polariton (LSPP) underneath metal nano-apertures are applied to record nanoscale patterns on a photoresist. It is well known that the C- [1] , bow-tie- [2] and cup- [3, 4] shaped nano-apertures produce nanosized spots of light with high brightness. It is also known that LSPP induced on a metal surface contributes to the enhanced transmission of light through the nano-apertures [5] . Due to their high transmission, metal nano-apertures have the potential for use in a wide range of applications, such as vertical cavity surfaceemitting lasers [6] and nanolithography [7, 8] .
The intensity threshold method was developed to predict pattern profiles obtained by near-field lithography [9] . This method, however, is limited in its ability to describe the precise photoresist profile because it does not take into account the properties of the photoresist. To include the effect of photoresist contrast, we recently proposed an improved theoretical model to predict the profiles of a photoresist exposed by localized fields of nano-apertures [10] . This model was also useful in predicting the profiles of a photoresist exposed by the localized fields with different decay lengths. In the present work, we apply the theoretical model to calculate three-dimensional profiles of a photoresist exposed by arbitrarily shaped localized fields of high-transmission metal nano-apertures. These include a C-shaped aperture and a bow-tie-shaped aperture. We calculate and analyze the three-dimensional profiles for different aperture designs, gap distances between the aperture and photoresist, and illumination doses.
Calculation of localized fields of high-transmission nano-apertures
We calculate the transmitted intensity distribution on the photoresist using the finite difference time domain (FDTD) method (Opti-FDTD, Opti-wave System Inc.). Figure 1(a) shows a schematic of light passing through the aperture to the positive photoresist. The incident light is treated as a linear x-polarized plane wave with electric field amplitude of 1 V m −1 and wavelength of 405 nm. The nanosize aperture is made by perforating a 120 nm thick aluminum metal film coated on a glass substrate. The electromagnetic properties of the aluminum metal are described with the Lorentz-Drude model [11] . The 50 nm thick photoresist (refractive index n = 1.66 at 405 nm) is placed under the metal nano-aperture in ambient air with a gap distance g between the aperture exit and the photoresist. The simulation area is enclosed by the perfect matched layer (PML) boundary condition and divided by 2 nm × 2 nm × 2 nm grid size in the x, y and z directions. Light energy E i illuminates the aperture and the energy dose E (x, y, z) transmitted to the resist is obtained by FDTD calculation. The FDTD simulations are performed for the C-shaped and bow-tie-shaped nano-apertures in various conditions. The geometric dimensions of the two apertures used in the FDTD calculation are shown in figures 1(b) and (c). We set the dimensions as follows. For the C-shaped nanoaperture, the outer dimensions are 120 nm × 90 nm and ridge size is 40 nm × 40 nm [12] . For the bow-tie-shaped aperture, the outer dimension is 135 nm and the inner gap is 30 nm [5] . The FDTD simulations are carried out for various aperture geometries, gap distances between the aperture and the photoresist, and light doses incident on the aperture.
Modeling of photoresist profile exposed by arbitrarily shaped localized field distribution
Recently we suggested an improved theoretical model to describe the profiles of a photoresist exposed by localized fields of nano-apertures [10] . Assuming the localized intensity distribution to be a Gaussian function with exponential decay [13] , we analyzed exposed photoresist profiles as a function of the photoresist contrast and of the decay length of the localized field. A detailed description of the theory was given in previous work [10] . Here we give a brief description. The contrast of the photoresist is defined as [14] 
where T 0 is the initial thickness of the photoresist and E(z) is the exposure dose at z, where z indicates the depth of the photoresist profile. E th is the minimum exposure dose needed to begin removing the photoresist. For the calculation, the photoresist is assumed to be 50 nm thick. Equation (1) is rearranged to obtain the equation in terms of the exposure dose E(z) corresponding to depth z: Using equation (2), we can readily determine the exposure profile patterned by the arbitrarily shaped localized field distribution. The procedure to determine the depth profile of the photoresist is illustrated in figure 2 . We calculate the exposure dose distribution E = E (x , y , z), shown as a solid line in figure 2, using the FDTD method. The dashed line is the exposure dose E(z) with the contrast of the photoresist γ on the right-hand side of equation (2) . The intersection point of the curves E and E(z) is marked by dotted lines in figure 2. When the photoresist is exposed by E (x , y , z) of the nonpropagating localized field, we can determine the patterning depth z at the point (x , y ) by projecting the intersection point onto the z axis. The intensity threshold method [9, 15] represents an extreme case of infinite contrast (γ = ∞) and E(z) = E th is shown by a dashed-dotted line in figure 2. In this case, the pattern depth z th is determined by the projection of the intersection point between E (x , y , z) and E th onto the z axis. As shown in figure 2, we find that the patterning depth becomes shallower as the contrast of the photoresist decreases.
Calculation of three-dimensional pattern profiles

Effect of the contrast of the photoresist on the shape of the exposure profile
To analyze the effect of the photoresist contrast, we calculate the two-dimensional pattern profiles obtained by the C-shaped nano-aperture. Using the results of the FDTD simulation in the xz plane, the pattern profiles are calculated for several contrasts of photoresist as listed in figure 3 . As the contrast of the photoresist decreases, no changes are found in the top critical dimension or in the full width at half-maximum. The depth of the profile, on the other hand, increases by ∼40% as γ increases from 1 to ∞. According to the previous work, the change in the profile depth for contrasts γ ranging from 1 to ∞ was about 20-80%, depending on the exponential decay length of the localized field intensity [10] . The contrast of the photoresist S1805 (Shipley) [16] that is popularly used in hline optical lithography is ∼3, so we set the contrast of the photoresist to be 3 in the following calculations of the profiles.
Determination of the gap distance between the aperture and the photoresist
In plasmonic lithography using the localized field through a nano-aperture, the gap distance between the aperture and the photoresist surface is an important parameter in determining the proper exposure profile. Using the lithography modeling proposed in this work, we calculate the three-dimensional exposure profiles obtained by a C-shaped aperture and a bowtie-shaped aperture. The calculated profiles for various gap distances g are shown in figure 4 for C-shaped and bow-tieshaped apertures. To distinguish the differences in the profile pattern, the incident dose on the aperture is adjusted to have the same pattern depth of 12 nm.
In figure 4 , the bottom of the graph represents the top surface of the photoresist, and the removal pattern profile engraved in the photoresist is shown in the center. In the case of direct contact (g = 0 nm), the pattern profiles show distinct structures caused by the strong fields along the edges of the aperture ridges for both the C-shaped and the bow-tie-shaped aperture. The effect of the strong field induced by the edges of the aperture ridge is easily relieved by increasing the gap distance. As the gap distance increases, the profile changes into a more symmetric rounded shape.
The ability to make a small, round profile is important for the application of nano-apertures to plasmonic lithography and data storage. To determine an appropriate gap distance for plasmonic lithography, we analyzed the size of the pattern profile as a function of gap distance. The results are shown for both aperture shapes in figure 5 . In figure 5(a) , it is found that the width of the pattern profile in the x direction obtained by the C-shaped aperture increases with gap distance, while the width in the y direction slowly decreases with gap distance. The area of the pattern profile ( x × y) has a minimum of 30 nm×52 nm at the gap distance of 5 nm and slowly increases with g less than 20 nm. Therefore, if we consider the pattern width, the area and the round shape of the pattern profile, the appropriate gap distance for plasmonic lithography with the Cshaped aperture is in the range from 5 to 10 nm. In figure 5(b) , the width in the x direction of the pattern profile obtained by the bow-tie-shaped aperture shows a plateau for gap distances from 5 to 20 nm. The y direction width slowly decreases with gap distance, reaching a plateau in the range of gap distances of 10-30 nm. The area of the pattern profile has a minimum of 50 nm × 62 nm at the gap distance 20 nm. As shown in figure 4(d), direct contact (g = 0 nm) of the bow-tie aperture and the photoresist gives a wide pattern profile due to the strong localized field induced along the edges of the aperture ridges. Therefore, for plasmonic lithography, the gap distance for the bow-tie-shaped aperture should be in the range of 10-20 nm. Figure 6 shows three-dimensional pattern profiles obtained by both aperture shapes for different profile depths. For these calculations, the gap distance was set at 10 nm for the C-shaped aperture and 20 nm for the bow-tie-shaped aperture. The depth D is adjusted by changing the incident dose illuminated on the aperture. As shown in figure 6 , it is found that each profile obtained by either aperture shape is well confined in a small volume for the variation of depth D. In other words, the pattern recorded by the nano-aperture only enlarges its width as the incident dose is increased to get larger depth.
Determination of the incident dose illumination on the aperture
Since the pattern profile enlarges with the increase of the incident dose, the incident dose is an important process parameter for plasmonic lithography. Since the pattern resolution depends only on the width of the pattern profile, high-resolution patterning using plasmonic lithography requires a trade-off between the depth of the profile and the resolution of the pattern. Using the three-dimensional profiles shown in figure 6 , we analyze the relationship between the width and the depth of the pattern profiles for the C-shaped aperture. The width and depth are plotted as a function of the incident dose in figure 7 . With the increase of E i /E th from 0.2 to 0.8, the area of the pattern profile increases from 18 nm × 44 nm to 64 nm × 70 nm, and the depth of the pattern profile also increases from 6 to 24 nm. Therefore, if we restrict the area of the pattern profile to be less than 50 nm × 50 nm, the depth of the pattern can reach a maximum of approximately 14 nm.
Conclusion
Using a theoretical model for plasmonic lithography, we calculated three-dimensional pattern profiles exposed by arbitrarily shaped localized field distributions of hightransmission nano-apertures. The field distributions of Cshaped and bow-tie-shaped apertures were obtained with FDTD simulations and the pattern profiles were calculated as a function of several process parameters relevant to plasmonic lithography. We then determined appropriate parameter ranges required to achieve the desired pattern profiles. In particular, it was found that the gap distance should be in the range of 5-10 nm for the C-shaped aperture and in the range of 10-20 nm for the bow-tie-shaped aperture. We also calculated the increase of pattern width and depth, important for highresolution patterning, with increasing incident light dose.
